Loss o f cutaneous sensation is a cornnion complaint associated with many nervous system diseases and peripheral nerve injuries. An examination of sensation generally consists of tests for senses of light touch, pain, temperature, atid deep pressure, as well as measures o f two point discrimination and stimulus localization. Light touch is probably the most common ly used measure in the evaluation of cutaneous sensation.
To examine response to light touch, a camel hair brush, a wisp of cotton, o r a single von Frey hair is used. This test stimulus is first applied to a normal, uninvolved area of the body so that the patient tnay become familiar with the sensation evoked by the stimulus. T h e stimulus then is applied at irregular intervals to the affected parts o f the body, and the patient is instructed to say "yes" or "now" whenever he feels i t . ' The aim of this test is to determine the threshold for touch sensation and then to compare this threshold to normal values o r to chart the threshold over a period of time t o identify the changes in sensitivity.
Physicians recognize that this method of examination is crude and inadequate.' The patient's report of sensory events depends on 1282 Neurology / Volume 23 /December 1973 such unmeasurable and variable psychologic parameters as suggestibility, cooperativeness, responsiveness, and attitude toward the examiner. This paper describes the adaptation of a procedure used in laboratory psychophysical e x p e r i m e n t s to t h e c l i n i c a l examination of sensation and compares this procedure with the commonly used clinical method o f examination. This procedure can be used at any point in time or to measure changes in sensitivity over time.
The popular method o f examination has difficulties related to the general concept of sensory threshold. Classically, the sensory threshold is measured by determining the stimulus intensity required for a sensation to be just detectable. That is, the examiner presents a stimulus that evokes a sensory experience in the subject, who compares its magnitude with an internal standard and thus decides whether or not he has detected the stimulus. The threshold is calculated simply as a function of the percent of "yes" responses, which is dependent on the subject's internal standard,":' often variable and idiosyncratic. The measured sensory threshold is known to be influenced by many nonsensory factors inherent in the psychologic makeup of the subject or peculiar to a testing ~i t u a t i o n . ' -~ A subject's timidity, anxiety over the test, o r general attitude toward personnel involved in the assessment procedure may influence results.
The problem is twofold: First, one must necessarily use the subject's verbal report to make inferences about his sensation. This means that a subject more willing than another to say "yes, I feel it" will appear more sensitive to the stimuli, even in the absence of actual sensory differences between them. Second, differences in willingness to say one feels the stimulus may vary from one area of the body to another or with the passage of time. These variations, of course, render comparisons between body areas or points in time imprecise. A methodology, associated with signal detection theory,' has evolved in the laboratory study of psychophysical responses to solve precisely these difficulties.
Signal detection theory assumes the constant presence in sensory channels of neural activity uncorrelated with any external stimulus. This random activity or "noise" adds to the neural activity evoked by a stimulus.'.,''.5 Any level of activity may arise either from noise alone or from the combination of noise plus the effects o f stimulation. The observer's task, therefore, is to decide, within the limits of probability, whether neural activity at any moment is sufficiently above the noise base line to justify the belief that an external stimulus made a contribution to that neural activity. T o make such a decision, the observer adopts a criterion. Whenever neural activity exceeds this criterion level he reports a stimulus "present," and when the activity is below criterion he reports a stimulus "absent." This criterion level has been shown to vary with any one of several different nonsensory, motivational variables, including the explicit and implicit costs and values associated with various stimulus-response ~ontingencies.'-~ For any fixed criterion level the observer uses, a measure o f his sensitivity is provided by the relationship between the probability of saying "yes" conditional o n the presentation of a stimulus (hereafter, a hit) and the probability of saying "yes" conditional on the absence of a stimulus (hereafter, a false alarm). This measure is uncontaminated by the particular criterion level chosen by the observer.,",' Consequently, this measure defines sensitivity in a manner independent of nonsensory or motivational variables. Signal detection theory, then, acknowledges that the observer's report depends on both sensory and nonsensory variables and takes steps to get independent evaluations of both. The standard experimental procedure of signal detection theory is one that is termed the yesino procedure.2 Its basic characteristics are that it ( I ) presents enough null trials, on which n o stimulus is given, to get a good estimate of t h e conditional probability of "yes" responses in the absence of a stimulus and (2) incorporates this false alarm probability into its measure of sensitivity. One of the conditions of the present study involved such a procedure.
Closely allied with signal detection theory is a psychophysical technic called the forcedchoice technic.'' A forced-choice experiment obviates the need for the observer to establish o r use an absolute internal standard o r criterion. On any trial, before the observer responds he is presented with both null and non-null stimuli. For example, two intervals of time are clearly defined for the observer by the presence of a tone during each. In o n l y one of the intervals is a stiinulus (touch o r light, etc.) presented. The observer's task is t o identify the interval in which the stimulus occurred. I n the language of signal detection theory, the observer accomplishes this task by comparing the neural activity present during each of the intervals and choosing the interval that had the greater level. The interval, first o r second, in which the stimulus is applied varies randomly. The measure of sensitivity derived from a forced-choice procedure is the percent correct. T y p i ca 1 1 y, sen sit i v i t y defined by per fo r ma n ce i n a two-alternative forced-choice (2-AFC) is greater than that defined by traditional threshold procedures.6 A 2-AFC measure seems t o be as free of criterion and responsebias artifacts as measures derived from yesino technics.' Moreover, it is possible to establish equivalence between a measure of performance from the 2-AFC percent correct and a measure from the yeslno procedure.' The great advantage o f the 2-AFC is that it permits and encourages observers to use whatever sensory information is available, a practice n o t fostered by traditional threshold methods."
We performed an experiment comparing a version o f the commonly used mcthod of testing sensation with a forced-choice procedure, expecting to find ( I ) fine differences in sensitivity best discriminated by the forced-choice procedure and (2) 
Method
Sitbjrcts. The subjects were 12 men and 12 women undergraduate students at Northwestern University. One man and one woman were paid for their serviccs and the rest served as a course requirement.
Apprrrcitus.
T o test for light touch, three modified v o n Frey type hairs' were used. These were calibrated using an analytic balance and exerted forces of SO, 180, and 1,050 mg. A metal "cricket" that made a "click" sound was used t o indicate t o the subject when stirnulation may have occurred.
B o d y purts tested. Each subject was tested on three areas of the body, the center of the sole of the right foot, the calf of the right leg about 3 in. distal t o the knee, and the right forearm about 2 in. distal to the elbow. The order of testing of body parts was counterbalanced across subjects and procedures.
Trsling procedures. Each subject was tested for light touch sensitivity by three procedures at each o f three body areas.
Threshold method. The sub.ject was instructed that he would hear a click from the cricket and then be touched on a designated body area by one of the von Frey hairs. He was to report honestly whether or not he felt the hair. Each o f the three von Frey hairs was presented 20 times in random order o n each body part tested and responses of the sub.ject were recorded. This procedure is a model of the classic Constant Method' for measuring sensory thresholds and closely resembles the pr oced u re c o i n tno n I y used c I in ica I I y to me asu re cut an eo u s sen sat io n .
Yesino procedure. The sub.ject was told he would hear a click and then either would o r would n o t be touched by a hair. He was to report whether or not he thought he was touched following the click. Forty trials were run at each body area, with stimulation following the click o n a randomly chosen half of the trials. Stimulation was always with the 180 mg v o n Frey hair.
Two-alternative forced-choice procedure. The subject was told he would hear two clicks about two seconds apart and that very shortly after one of the clicks, he would be touched with a hair. He was to report which o f the two cl icks he thought the s t i m u I a t io n fo I I owed.
Forty trials were run, with stimulation randomly following the first click on half the trials and following the second click o n half the trials. The 180 mg von Frey hair was used.
In all procedures when stimulation occurred, it followed the click sound by about one second. I n the two-alternative forcedchoice procedures, care was taken to make the interval between clicks equal o n all the trials. Sub.jects were instructed to avert their gaze from the area being tested.
Testing the forearm was done while the subject was seated; testing the calf and sole was done with the subject i n a prone position. Care was taken not to disturb body hair during stimulation. All testing for each subject was done in one 45 minute session.
Results
One measure of performance was computed for each sub,ject and body area for each o f the three procedures used. The threshold measure was computed as follows: The probability of a "yes" response for each stimulus value was determined. With stimulus values expressed in logarithmic units, as the Weber-Fechner law' demands, the equation of the best-fitting psychometric function was found by the method of least squares. This equation was solved for p = 0.50 and the resulting stimulus value used t o define the threshold i n milligrams. For the yes/no procedure the hit rate, P(H), and false alarm rate, P(FA), were first calculated. These values correspond to the coordinates of a single point o n the socalled receiver operating characteristic (ROC) curve. The ROC curve, widely used i n signal detection, is a plot of P(H) against P(FA). A simple measure of sensitivity, the area under TABLE 1
SENSITIVITY MEASURES FOR THREE METHODS O F TESTING FOR THREE BODY AREAS FOR MALES AND FEMALES

Sex
Body area Threshold A ' the ROC curve in a space of unit area, then was computed from the formula'
Finally the percent correct, P(C), in the 2-AFC was used as a measure of performance on that procedure.
The mean values for each sensitivity measure, broken down by sex of the observer and body area, are given in table 1. For each procedure we ran an analysis of variance to d e t e r m i n e what variables c o n t r i b u t e d significantly to the results. The summary statistics for the analyses of variance are given i n table 2. I n none of the procedures was the sex of the observer a significant source of variance. A s anticipated, the effect of body area proved significant in all three procedures. I n no case was there a significant interaction between sex and body area. Overall, the rank order sensitivities of the three body areas were constant across the three test methods. The rank order for female subjects, however, varied somewhat among methods. That these variations ought not be considered too seriously is indicated by the failure of the sex by body area interaction to reach significance in any procedure.
S e I e c t ed i n d ivi d u a I c o m pa r i so n s were made using the t-test. The results o f these comparisons, with a two-tailed criterion and 23 degrees of freedom in each case, can be summarized as follows: The difference between calf and forearm is significant for both yes/no and 2-AFC procedures (each p < 0.001); for both threshold and yes/no procedures the soleforearm difference was significant (each p < 0.05); while for only the 2-AFC procedure did the sole-calf difference prove significant ( p < 0.001 1.
One other analysis was undertaken, of the false alarm rates from yes/no procedures. The rationale for this analysis was that, according to the theory o f signal detection, differences in criterion value should be reflected in differences in false alarm rate.' The only significant determinant of false alarm rate was the area of the body being tested, F = 12.92, df = 2,44, p < 0.01. The mean false alarm rates were 0.21, 0.08 and 0.06 for the sole, calf and forearm, respectively. The interpretation that signal detection theory mandates here is that for some reason, presently unknown, the observers adopted a far lower criterion when being tested o n the sole than when tested at the other two areas. Finally, to establish further the statistical relationships among the several measures employed, Pearson product-moment correlations were computed. The correlation between performance under the threshold method and the measures for the yes/no procedure was -0.05; the correlation between threshold and percent correct in the 2-AFC was -0.18; the correlation between percent correct in the 2-AFC and the measure from the yes/no procedure was +0.56, with p <0.001. Thus the classic threshold procedure, contaminated as we believe it to be by variation in criterion level, does not correlate significantly with either of the two other procedures used; the latter do, however, correlate strongly with one another, as signal detection theory predicts.2
Discussion
The major finding of this study is that both methods of testing that include a significant proportion of null trials give more accurate, less variable measures of light touch sensitivity than a method that does not include such null trials.
T h e method in wide use clinically, however, does not include null trials. It may be argued that the threshold procedure used in this experiment is not an appropriate model of the clinical methods and that the clinical procedure does, in fact, contain blank trials. Information gained from responses made during blank trials, however, is not generally taken into account in the clinical setting. In fact, it is difficult to know how to evaluate false alarms in the usual clinical setting, since a clearly defined trial structure is absent.9
The finding that false alarm rate varies according to body area means that an observer may adopt a different criterion level for reporting feeling when he is tested on the sole, f o r example, as compared with being tested o n his forearm. Consequently, any test method that fails to present significant numbers of null trials o r that fails to evaluate the response to such trials cannot provide a true picture of the relative sensitivities of the different parts of the body. Moreover, there may be systematic changes in the criterion over time, particularly during the course of convalescence from peripheral nerve injury; thus standard testing procedures that d o not evaluate possible concurrent changes in criterion are n o t able to provide uncontaminated measures of changing sensitivity.
I n addition to providing more valid measures of sensory response, the 2-AFC and yes/no procedures have another advantage, an increased sensitivity to small differences in such sensory response. If 
Hsys"' and Halderson and Glasnapp," the quantity w y was used to estimate the relative strength of relationship between body area and sensitivity f o r e a c h of t h e three test procedures. In this context, w' is the proportion of the variance accounted for by differences in sensitivity of the body areas tested." ' It is important to note that an effect that in the analysis of variance is highly significant (e.g., p < 0.001) still might be associated with a negligible OJ' value if that effect actually accounted for a relatively small proportion of the variance in the study. With the twoalternative forced-choice measures, the area of the body being tested accounts for 31.5 percent of the variance (i.e., w' = 0.315). With the yeslno measure, body area accounts for 9.5 percent of the variance. Slightly less than 1 percent of the variance in the threshold measures is accounted for by body area. By the w' criterion, then, sensitivity differences among body areas are most clearly delineated by the 2-AFC procedure. Because the thresholds are so very much affected by individual differences in criterion, a threshold method does a poor j o b of discriminating among the sensitivities of various body areas. This is reflected in the negligible w y values for the threshold method. Thus, by the w 2 criterion, the 2-AFC procedure gives the strongest correlation between sensitivity and body area, and the traditional threshold procedure, which most closely resembles the usual clinical procedure, the weakest.
Before considering a possible clinical procedure that will use a forced-choice technic for assessing sensitivity, it would be well to consider how the present results compare with those of previous laboratory studies. The values obtained using the threshold measure differ slightly from those obtained by Weinstein" using the method of limits, another threshold procedure. Given the differences between our threshold procedure and We i n s t e i n ' s, is q u it e reasonable.: One important difference between the two sets of results is the presence in Weinstein's data of sex differences in sensitivity, i.e., with female observers seemingly more sensitive. While the present threshold data were in a similar direction, the finding that both the 2-AFC and yesino procedures make the sex difference vanish suggests that Weinstein's sex differences were artifactual. There are two likely sources of artifacts: First, in Weinstein's experiment, there were two different experimenters, one for males and one for females; second, Weinstein's procedure would be strongly affected by sex differences in criterion (as distinct from differences in sensitivity per se). It should be noted that other investigator^':'.'^ make n o mention o f sex differences in measurements of light touch sensitivity on the hand. the co r r e spo n d e n ce
A basic clinical procedure
The procedure we will outline here will be most useful in detailed testing of an area of sensory loss and especially i n detecting small changes in the sensibility of a cutaneous region over a period of time. Its advantage over more commonly used methods is that it gives a truly objective measure of the subject's sensitivity at a p a r t i c u l a r t i m e , u n c o n f o u n d e d by psychologic factors that may vary from session to session. The physician still should be receptive, however, to comments of the patient, and before extensive testing is done it is always helpful to ask the patient to outline any affected area with his finger.
Sensory loss may correspond to the skin supply of a single peripheral nerve, to one or several dermatomes, to a lesion in half of the spinal cord, or to a lesion involving the whole spinal cord. Also, in spinal cord lesions a zone of hyperesthesia near the cutaneous level of the lesion often is present, and this also may be studied.I5 I t is generally useful to test an uninvolved body area before testing the area of sensory loss. Preferably, this area should be the homologous area of skin o n the contralateral side of the body to determine normal sensibility of the patient and to familiarize the patient with the procedure and the nature of the stimuli used. WeinsteinI2 showed that corresponding areas on opposite sides of the body have approximately the same light touch sensitivity.
The examiner should remember that cornified areas of skin will require a heavier stimulus and hairy areas lighter stimulus than ~~o r m a l . ' . '~. '~ An y skin condition, as well as the presence of inflammation o r edema, should be noted. Hair may be shaved or cut close to the skin before testing. The only instruments needed for this test are a series of calibrated von Frey hairs and a small metal cricket.
This clinical procedure, which can be carried out by nurses o r paramedical personnel, is based o n the two-alternative forcedchoice model used i n the experiment just described. The patient is told he will hear two "click" sounds separated by a few seconds and that after one of the clicks he will be touched by one of the von Frey hairs. He is to respond by saying which of the two clicks he thought directly preceded the stimulation. Even if he is not sure or did not feel anything, he must make his best guess. The von Frey hairs should be shown to the patient to put him at ease about the test; then he is asked to look away o r to close his eyes.
Testing is done in blocks of trials with all trials in a block run with one stimulus. Selection of the initial stimulus value depends on the patient's report of numhness in the area. The examiner may perform a short pretest in which he simply asks the patient if he can feel various stimuli in order to get an idea of an appropriate stimulus with which t o begin detailed testing.
For each trial the examiner clicks the cricket two times, touching the subject with one of the von Frey hairs immediately after one of the clicks. The click after which the stimulation occurs should vary randomly from trial to trial, and the interval between clicks ideally should be nearly constant. T o avoid biases in the stimulus sequence, randomization should be done with a random number table o r coin flips and standard data sheets prepared. These sheets should indicate for each trial whether the stimulus occurs in the first o r second temporal position and space should be provided for the patient's response. Moreover, as will be seen in a moment, it would be helpful to organize the data sheet into several blocks of 15 trials each.
Measuring recovery of sensution. The first task is to find the least stiff von Frey hair that can be discriminated from no touch on about 65 to 75 percent of the trials. This stimulus will be used to give a base-line measure of sensitivity against which later improvement can be assessed. To approximate this stimulus rapidly, one should start with a von Frey hair that the patient says he can distinguish from no touch and work quickly downward in series of hair stiffness until one is found that the patient cannot feel. This hair should be used as the stimulus in a block of 10 forced-choice trials. If the patient gets six, seven or eight correct out of 10, the hair is appropriate for further use. If the number correct is less than six, the process should be repeated with increasingly stiffer hairs; if more than eight are correct, increasingly less stiff hairs should be tried.
Once the appropriate hair I S found, it should be used as the stimulus in a block of 15 forced-choice trials as directed on the data sheet. The number of correct trials should be recorded and also the hair value used. Improvement in light touch sensitivity may be tested in about one week. The same von Frey hair is used and the patient given three o r four forced-choice trials to reacquaint him with the task. Then a block of 15 forced-choice trials may be given as before and the number correct noted.
If one assumes that the first test gave eight correct of 15 and the second test 13 of 15, what are the odds that this difference represents real improvement rather than a chance fluctuation (lucky guesses)'? I n table 3 each row (labeled "first test") corresponds to a certain number correct i n the first test period. Each c o l u m n (labeled "second test") corresponds to a number correct on the second test period. Our odds may be found at the intersection of the row for eight correct and the column labeled 13. The upper entry in that cell, 7.94, is the odds that the difference between eight and 13 shows real improvement. T h e higher the o d d s (technically, the likelihood ratio) in a cell, the more confident can one be about the reality of the difference between the two test periods.
The lower entry in each cell gives a maximum estimate of the probability that a difference as large as o r larger than the obtained one actually arose from conditions of unchanged sensitivity.'" This value is the "significance," in the standard statistical sense, of the difference obtained. Since a commonly used significance level is 0.05, the section of table 3 that corresponds to that level or levels more significant (number equal to o r less than 0.05) is heavily outlined. It should be emphasized that these significance estimates are on the conservative side. More reasonable estimates may be as low as half the tabled values, especially toward the left-hand side of the table. All data that fall in that lower righthand region of table 3 have "odds" of five to one or better that the difference between the first and second tests indicates real improvement. Since no difference can be large enough to make o n e absolutely certain, in a statistical sense, of the reality of the difference, any cutoff rule must be arbitrary, including the rule implied by outlining of the lower righthand section of table 3. The odds given in each cell should enable the physician to temper the interpretation of the data with his own clinical experience and judgment. Table 3 has been constructed on the assumption that a patient either will improve o r remain the same. We d o not consider the possibility that sensitivity lessens over time. That case is dealt with elsewhere."' Because of our statistical assumptions, if the patient gets fewer than nine of 1.5 correct o n the second test, we cannot tell whether there has been improvement, regardless of how many he got correct in the first test. Consequently, values for fewer than nine correct on that second test are not shown; all the cells for such values would have had odds close to or below 1.0, indicating no improvement.
If improvement were found between first and second test periods, the detection of further improvement may require the use of a new, less stiff, von Frey hair. Ideally one would find a hair that, as in the first test period, gave about six to eight correct in a block of 10 forced-choice trials. In order to make data from that hair the basis for After the patient is acquainted with the task and the "feel" of several hairs o n both suspect an d the suspect region should be tested first. With the rapid rundown procedure outlined in the previous section, a von Frey hair is used that yields six, seven or eight correct i n a set of 10 forced-choice trials. This same hair is used in a new, complete set of 15 forced-choice trials. For purposes of later entry into table 3, the number correct obtained is considered the "first test" score. Then the same hair is used on the presumed normal contralateral homolog. The number correct obtained is the "second test" score. If the score on the suspect region is seven and the normal region score is 10, the upper entry in the cell at the intersection of row 7 and column 10 is 1.79 and the odds then are less than 2 to 1 (1.79:1.00) that there is a sensory loss. Usually this would n o t be strong enough evidence to make firm conclusions. The lower entry in that cell (0.262) tells us that there are about 26 chances in 100 that there is n o sensory loss and that the obtained data, o r differences even more extreme, could have come from areas of the same sensitivity. This result then would be statistically nonsignificant but suggestive. If the measurements were repeated on both areas with about the same outcome, one would conclude from both outcomes that there is likely to be a sensory loss, but a relatively small one.
Meusures o,f response other than light touch. The procedure developed in this paper is not limited to use with light touch alone: I t could be modified for use with any other sens o r y r e s p o n s e of i n t e r e s t . T h e o n l y requirements are that the examiner have a sufficiently wide, graded series o f stimuli and that an appropriate substitute be found for the notouch o r "null" stimulus used with light touch. If one had a series of needles systematically graded in their bluntness and also one needle of such extreme bluntness that i t could be a null stimulus, a forced-choice procedure could be used to assess response t o quulity of stimulation, dull versus sharp. Here we would not be interested i n whether the patient could tell the presence from the absence of a touch stimulus. On each forced-choice trial, we would present either a sharp or the dull (null) nor i n a I con t r a I ate r a 1 h o in o I ogs, stimulus first and then the other one of the pair. The patient would have to identify which of the two stimuli, first or second, was the sharper. Except for this modification, testing would proceed as described above. The general rule is that one needs a null stimulus that is like the non-null stimuli i n all respects except the one of interest.
Other methods of sensory testing have been reported for patients with peripheral nerve damage. Von Prince and Butler':' and Werner and O m e r i 4 describe similar point localization methods for testing sensation in the hand. I n these procedures, the patient is asked to indicate the point on his skin at which stimulation occurred. The least amount of pressure that the patient can localize is his score for that point. Detailed examination is possible with this method, but it is only applicable to peripheral nerve injuries, as it would fail to distinguish between true sensory loss and topagnosis, as i n parietal lobe lesions when there is inability to localize stimulation but absence of sensory 10ss.I~ Also, n o detailed method of interpretation of results is included in these procedures that would define when the examiner can state that sensory changes actually have occurred.
We believe that the method of examination of light touch presented above will accurately measure and more precisely define sensory changes that occur in injuries and diseases.
Summary
Based on advances in signal detection theory, a method is proposed for the measurement of response to light touch. Comparison was made between this method and two others, including the commonly used clinical procedure. Three body areas of I2 male and 12 female subjects were tested by each of the three methods. Differences among body parts were discriminated best by the proposed procedure, a forcedchoice method, and were discriminated most poorly by the standard clinical procedure. N o sex differences i n sensitivity were found. A clinical method for testing light touch is presented that provides objective measures of changes in sensitivity over time o r can compare an area o f suspected sensory loss with a normal one. This procedure is virtually immune to idiosyncracies and fluctuations of the patient's criterion.
